Varicella zoster virus encodes an immediate-early (IE) protein termed ORF61p that is orthologous to the herpes simplex virus IE protein ICP0. Although these proteins share several functional properties, ORF61p does not fully substitute for ICP0. The greatest region of similarity between these proteins is a RING finger domain. We demonstrate that disruption of the ORF61p RING finger domain by amino acid substitution (Cys19Gly) alters ORF61p intranuclear distribution and abolishes ORF61p-mediated dispersion of Sp100-containing nuclear bodies. In addition, we demonstrate that an intact ORF61p RING finger domain is necessary for E3 ubiquitin ligase activity and is required for autoubiquitination and regulation of protein stability.
Varicella-zoster virus (VZV) and herpes simplex virus type 1 (HSV-1) are distantly related alphaherpesviruses. VZV encodes an immediate-early (IE) protein termed ORF61p that is an ortholog of ICP0, an HSV-1 IE protein (14, 18) . ICP0 is a RING finger domain-containing nuclear phosphoprotein that behaves as a promiscuous activator of viral and cellular genes (2, 3, 6, 17, 19) . ICP0 also functions as an E3 ubiquitin ligase to target several host proteins for proteasomal degradation. Among these targeted proteins are nuclear domain 10 (ND10) components promyelocytic leukemia protein (PML) and Sp100 (1, 5, 7, 8, 12, 16, 21) . Like ICP0, ORF61p is a transcriptional activator of viral promoters (15, 24) , enhances infectivity of viral DNA (15) and has E3 ubiquitin ligase activity (4) , and its presence results in decreased levels of Sp100 (8, 10) . Despite these similarities, ORF61p is unable to fully complement growth defects of an HSV-1 ICP0 null virus (10, 14) . Unlike ICP0, ORF61p does not rescue efficient virus growth in BAG3-depleted cells and is unable to target PML for proteasomal degradation (8) (9) (10) . Thus, these proteins have evolved distinct mechanisms to augment virus replication. Although there is little amino acid conservation between ICP0 and ORF61p (10% similarity at the amino acid level), ORF61p retains the conserved RING finger residues that are essential for ICP0's transcriptional activation and ND10 dissociation and degradation activities (8) . Previous studies revealed that the ORF61p RING finger domain is essential for its transcriptional activation functions (13) ; however, little is known regarding its role in other ORF61p activities. Therefore, this study was designed to further characterize the ORF61p RING finger domain.
To extend our understanding of the ORF61p RING finger domain, a plasmid expressing amino-terminal FLAG-tagged ORF61p (pCK-flag-ORF61) (13) was used as a template to mutate amino acid Cys-19 to Gly to create pCK-flag-ORF61RF. Mutation of this residue disrupts the RING finger domain (Fig. 1A) (13) . 293A cells were mock transformed or transformed with pCK-flag-ORF61 or pCK-flag-ORF61RF to test for expression of these proteins. After 48 h, the cells were harvested in lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.5% NP-40, and 50 mM NaF plus Complete protease inhibitor cocktail [Roche, Indianapolis, IN]) and processed for Western blot analysis as previously described (22) . The electrophoretic mobilities of tagged ORF61p and ORF61RFp were examined using mouse monoclonal Anti-FLAG M2 antibody (Sigma, St. Louis, MO) (Fig. 1B) . Expression of wildtype ORF61p resulted in appearance of two major protein species of approximately 64 and 70 kDa, a finding consistent with what is observed during VZV infection (23, 24) . However, surprisingly, only the 64-kDa protein species was detected in cells expressing ORF61RFp. We previously demonstrated that expression of only ORF61p reduced Sp100 levels (8, 10) . Therefore, we next used immunofluorescence microscopy to investigate the requirement for an intact ORF61p RING finger on this activity. MeWo cells were transformed with pCK-flag-ORF61 or pCK-flag-ORF61RF and after 48 h cells were fixed and stained for ORF61p and Sp100 using FLAG and Sp100 antibodies, as described previously (8, 23) (Fig. 1C) . Expression of wild-type ORF61p results in disappearance of Sp100-containing nuclear bodies. In contrast, Sp100 persisted, and nuclear bodies remained intact in cells expressing ORF61RFp. Analysis of cells expressing either ORF61p or ORF61RFp and the disappearance of Sp100-containing bodies is shown in Fig.  1D . Thus, the RING finger domain is required for ORF61p mediated dispersion of Sp100-containing nuclear bodies. There was a distinct difference in intracellular distribution of wild-type ORF61p compared to ORF61RFp. In most cells, wild-type ORF61p displayed a diffuse nuclear staining pattern, whereas ORF61RFp demonstrated intense punctate nuclear staining.
Punctate nuclear staining of the mutant RING finger protein suggested that its aggregation might result from increased protein stability. To test this hypothesis, MeWo cells were transformed with pCK-flag-ORF61 or pCK-flag-ORF61RF and, after 48 h, the cells were fixed and stained for ORF61p using FLAG antibody as described earlier. . After 48 h, cells were harvested, and equal amounts of total protein were electrophoresed on NuPAGE 4 to 12% Bis-Tris gradient gels (Invitrogen, Carlsbad, CA) and then analyzed by Western blotting with antibodies specific for FLAG and actin. (C) MeWo cells grown on glass coverslips were transformed with pCK-flag-ORF61 or pCK-flag-ORF61RF. At 48 h posttransformation, cells were fixed, and the nuclear distribution of ORF61p (WT and RF) and Sp100 were monitored by indirect immunofluorescence microscopy using antibody specific for FLAG and Sp100, respectively. Nuclei were stained with Hoechst. Images were captured with a Zeiss Axiophot microscope using a ϫ100 objective lens and Open Lab software and analyzed by volume deconvolution. (D) For each sample, 50 cells were counted, and the number of ORF61p (WT and RF)-expressing cells was scored for Sp100-containing bodies. The results shown are from two independent experiments, each performed in duplicate. distribution was scored as diffuse or punctate. Representative images are shown in Fig. 2A . In MeWo cells treated with DMSO, 75% of wild-type ORF61p-expressing cells displayed diffuse nuclear staining, whereas 25% displayed punctate nuclear staining reminiscent of that observed for ORF61RFp (Fig. 2B) . For ORF61RFp, 80% of cells displayed punctate nuclear staining, and 20% displayed diffuse nuclear staining. Only 34% of cells treated with MG132 and expressing wildtype ORF61p displayed a diffuse nuclear staining, while 66% displayed punctate nuclear staining. Therefore, inhibition of the proteasome alters the nuclear distribution of wild-type ORF61p to more closely resemble the ORF61RFp pattern. In contrast, proteasome inhibition had no significant effect on ORF61RFp's staining pattern with 78% of cells displaying punctate nuclear staining and 22% displaying diffuse nuclear staining. These data suggest that diffuse nuclear staining of ORF61p results from proteasome-mediated degradation, and this process requires an intact RING finger domain. Interference with proteasome activity by chemical inhibition with MG132 or disruption of the RING finger domain results in increased stability of ORF61p and subsequent aggregation and punctate nuclear staining.
ICP0's E3 ubiquitin ligase activity, which is required for autoubiquitination and targeting host proteins for proteasomal degradation, maps to its RING finger domain (1, 7) and, recently, a fragment of ORF61p encompassing its RING finger domain (amino acids 1 to 165) was shown to have E3 ubiquitin ligase activity in vitro (4) . Based on these data, we hypothesized that an intact ORF61p RING finger domain is required for E3 ubiquitin ligase activity. To test this hypothesis, 293A cells were transformed with a plasmid expressing hemagglutinin (HA)-tagged ubiquitin (pHA-Ub) (20) alone or cotransformed with pHA-Ub and pCK-flag-ORF61 or pCK-flag-ORF61RF. At 48 h posttransformation, cell lysates were prepared, and ORF61 proteins were isolated by binding to EZview Red Anti-FLAG M2 affinity gel (Sigma, St. Louis, MO). After binding, FLAG-tagged proteins were eluted with FLAG peptide (Sigma) and analyzed by Western blotting with antibodies to FLAG and HA (Roche). Analysis with FLAG-specific antibody demonstrated that both ORF61p and ORF61RFp were expressed to equal levels, and equal amounts of protein were bound (IC) (Fig. 3A) . As expected, wild-type ORF61p produced multiple species of protein, with two major species of approximately 64 and 70 kDa, whereas only a single 64-kDa protein species was present for ORF61RFp. Analysis of these proteins using HA-specific antibody demonstrated equal staining of total protein in the input lanes; however, HA staining was only observed with wild-type ORF61p. Thus, wild-type ORF61p is ubiquitinated. Indeed, staining with HA-specific antibody produced a ladder of ubiquitinated protein species ranging from 70 to Ͼ225 kDa. These higher-molecular-weight species of ubiquitinated proteins may not all correspond to ORF61p; rather, they may represent ubiquitinated cellular proteins that interact with ORF61p. However, some of these bands are identical in mobility to what is detected when we probed specifically for ORF61p with FLAG antibody. For instance, the lowest-molecular-weight species detected with HA antibody was 70 kDa, and this corresponds to the slowermigrating more-abundant species of ORF61p detected with FLAG-specific antibody. This experiment demonstrates that while the 70-kDa species of ORF61p is ubiquitinated, the 64-kDa species is not. HA staining of purified FLAG-ORF61RFp was negative.
To further confirm that an intact RING finger domain is required for ORF61p E3 ubiquitin ligase activity, we performed in vitro ubiquitination assays. Briefly, 293T cells were transformed with pCK-flag-ORF61 or pCK-flag-ORF61RF. After 48 h, cell lysates were prepared in lysis buffer and incubated for 1 h with Anti-FLAG M2 affinity gel at 4°C. Bound proteins were either directly resolved or incubated with UBE1, His-UbcH3, UbcH5c, and ubiquitin (Boston Biochem, Cambridge, MA) at 30°C for 2 h. Proteins were detected by Western blotting with FLAG-specific antibody (Fig. 3B) . Wild-type ORF61p possessed E3 ubiquitin ligase activity producing multiple higher-molecular-weight species indicative of polyubiquitin chains. However, ORF61RFp displayed significantly reduced levels of E3 ubiquitin ligase activity, resulting in a large reduction of higher-molecular-weight species of protein. The low level of E3 ubiquitin ligase activity associated with ORF61RFp may result from residual activity since only a single residue within the RING finger domain was altered. Alternatively, this activity may result from cellular E3 ligases that interact with ORF61p and coprecipitated with it. Overall, these data confirm that an intact RING finger domain is essential for ORF61p E3 ubiquitin ligase activity and autoubiquitination. Pulse-chase analysis was used to measure the half-life (t 1/2 ) of ubiquitinated and nonubiquitinated forms of ORF61p. 293A cells were transformed with pCK-flag-ORF61 or pCKflag-ORF61RF and after 24 h incubated with 100 g of cycloheximide/ml. At intervals, cells were harvested by addition of Laemmli SDS-PAGE sample buffer (11) , and equal volumes from each sample were analyzed by Western blotting with antibody specific for FLAG. For wild-type ORF61p, the nonubiquitinated 64-kDa form had a t 1/2 of 4 h, whereas the major 70-kDa ubiquitinated form had a t 1/2 of Ͻ2 h (Fig. 4) . The t 1/2 of ORF61RFp was 4 h, which is identical to that observed for nonubiquitinated ORF61p. Therefore, RING finger-dependent ubiquitination of ORF61p results in faster turnover.
In summary, we demonstrate here that VZV ORF61p E3 ubiquitin ligase activity requires an intact RING finger do- After 48 h, cell lysates were prepared in lysis buffer and incubated for 1 h with EZview Red Anti-FLAG M2 affinity gel at 4°C. Bound (IC) proteins were either directly resolved on NuPAGE 4 to 12% Bis-Tris gradient gels (Invitrogen) or incubated with UBE1, His-UbcH3, UbcH5c, and ubiquitin (Boston Biochem) at 30°C for 2 h (ϩ Ub mix). Proteins were detected by Western blotting with antibody specific for FLAG.
FIG. 4.
Protein half-life analysis of wild type and RING finger mutant ORF61p. 293A cells were transformed with pCK-flag-ORF61 or pCK-flag-ORF61RF and after 24 h treated with 100 g of cycloheximide (CHX)/ml. At various times posttreatment, cells were harvested directly by addition of Laemmli SDS-PAGE sample buffer, and equal volumes for each sample were run on NuPAGE 4 to 12% Bis-Tris gradient gels and analyzed by Western blotting with antibody specific for FLAG. Band intensity was quantified using ImageJ software.
main. The E3 ubiquitin ligase activity of ORF61p is essential for regulating its own stability and nuclear distribution and also for ORF61p-mediated dispersion of Sp100-containing nuclear bodies.
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